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ABSTRACT 

When available, the force feedback data from Friction stir welding (FSW) can be very 

useful for analyzing weld quality. Friction Stir Welding Analysis Tool software (FSWAT), a 

new process based non-destructive evaluation (NDE) technique developed at the South Dakota 

School of Mines and Technology, is designed to analyze any specified section of FSW in real 

time (with a slight computational delay). With this software, a trained operator or inspector can 

detect where potential flaws may exist.  

Another powerful NDE technique is ultrasonic phased array (UPA), which is well known 

for its capability to detect different kinds of friction stir welding indications and defects. The 

purpose of this study is to compare the defects identified in a round robin investigation using 

UPA and electromagnetic radiation X-ray inspection with the defects identified by the FSWAT 

software data analysis program. In addition, actual destructive tests are used to correlate the 

identified defects with actual defects. A probability of detection (POD) analysis is carried out to 

evaluate the wormhole-detection performance of the different NDE methods applied currently in 

industry. By correlating this software with UPA and X-ray inspection, the time and expense 

associated with 100% inspection of parts could be considerably reduced. The ultimate goal of 

this research is to support the development of real-time quality control to minimize the cost of 

inspection. 
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1 INTRODUCTION 
 

Friction Stir Welding is a relatively new joining technique that relies on localized forging 

and extrusion around a rotating pin tool to create a solid state joint [1]. FSW is unlike traditional 

fusion welding processes because the joint is not formed by melting and coalescence, and it does 

not require any filler material. FSW relies on mechanical forces to stir metal from two or more 

components into a consolidated joint. When a friction stir welding machine is equipped with 

instruments for capturing welding force feedback data, the evaluation of those forces may 

provide a method for weld quality control. The FSW Analysis Tool software developed at the 

South Dakota School of Mines and Technology (SDSM&T) analyzes the force feedback data of 

the welding process in real time (with a slight computational delay) in any specified section of 

the weld. [2] The capability of the software was demonstrated by Boldsaikhan [2] with a 

cylindrical pin tool design in aluminum 7075-T73, 0.250 in. thick.  The purpose of this current 

study is to determine the robustness of the software to identify weld defects using a variety of 

different pin tool designs in a different aluminum alloy, and whether or not the results can be 

correlated with weld defects found using ultrasonic phased array and x-ray inspection. 
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2 LITERATURE REVIEW 
 

2.1 The Beginning of FSW 

Friction stir welding was invented at The Welding Institute (TWI) of United Kingdom in 

1991 as a solid-state joining technique and was initially applied to aluminum alloys [3]. The 

process is simple but energy efficient making it a green technology as well as a lean process. The 

joint is neither formed by melting and coalescence, nor uses any filler material as in the 

traditional welding processes and no harmful emissions are created during the welding process. 

2.2 FSW Welding Configuration 

There are two important weld configuration classifications, which correspond to the 

layout of the joint. These are butt joint configuration and lap joint configuration, reference Figure 

1. The butt weld configuration consists of two plates that are butted together to form a joint 

where as the lap weld consists of one plate on top of the other. 

 

 
Figure 1.  Schematic of FSW (A) butt weld configuration, (B) lap weld configuration. 

 

2.3 FSW Tool and Process 

Both joint configurations use a non-consumable rotating tool with unique shoulder and 

pin (probe) features, reference Figure 2. In the butt weld configuration, the rotating tool is 

plunged into the material at the joint line and travels at a constant rate to generate the butt joint. 

(A) (B) 
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Advancing and retreating sides of the weld are defined by the direction of rotation with or 

against the direction of the pin tool travel, respectively. The lap weld process is similar to the 

butt weld, however, the joint layout changes. Again, Figure 2 illustrates the pin tool within the 

workpiece and also shows the advancing and retreating side of the butt weld configuration for a 

counter-clock wise spindle rotation and a travel direction into the paper.  

 

 
 

Figure 2.  Schematic diagram of FSW butt weld configuration during the welding process with 
the pin tool into the workpiece 

 
 

 The pin tool has three primary functions. These are, to create heat in the workpiece, to 

stir the material to produce the joint, and to contain the hot metal beneath the tool shoulder. Heat 

is created within the workpiece both by friction with the rotating tool’s probe and shoulder, and 
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by the severe plastic deformation of the workpiece [4]. The material is softened by the localized 

heat under the tool shoulder and around the probe of the tool. The material is stirred which 

creates material flow from the front to the back of the tool. FSW has several primary parameters 

which, when combined properly, generate a solid-state joint. If the rpm of the pin tool is set too 

high relative to the travel speed, which is measured in inches per minutes (ipm), a hot weld will 

be formed. If the rpm is set too low, a cold weld will be formed. Spindle speed, travel speed, and 

the applied force are the parameters utilized in this work. 

2.4 Metallurgy of FSW 

2.4.1 Weld Zones 

An important benefit of FSW is the full re-crystallization and the fine grain 

microstructure created in the nugget of the weld by the severe deformation in the plastic state of 

the aluminum under elevated temperature. The microstructure of a FSW butt weld is presented in 

Figure 3 where the different weld zones can be identified. Zone A represents the unaffected 

parent material at a distance where it is not affected by the heat or by mechanical deformation. 

Zone B is the heat affected zone (HAZ), a zone affected by a thermal cycle that modifies the 

microstructure or the mechanical properties. Zone C is the thermo mechanical affected zone 

(TMAZ), a plastically deformed region modified by the heat generated, and Zone D is the 

dynamically re-crystallized zone or the nugget of the weld. This is the fully re-crystallized zone. 

[4, 5, 6] 
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Figure 3.  Weld zones. A, parent material; B, heat-affected zone; C, thermo-mechanical affected 
zone; D, weld nugget [4] 

2.4.2 Process Zones 

According to the Arbegast model [6], FSW is a metalworking process that involves five 

zones, which are preheat, initial deformation, extrusion, forging, and post-weld cool-down. The 

friction caused by the rotating motion of the pin tool preheats the workpiece in front of the tool, 

thus creating the preheat zone.  In the second zone, this motion also produces the initial 

deformation zone in front of the pin tool. In the extrusion zone, the softened material in front of 

the pin tool is captured, displaced and then deposited behind the tool as the tool travel forward. 

In the forging zone, the back, or heel of the shoulder, forges the material against the backing 

plate as it passes over the workpiece ensuring consolidation. As the heat input from the tool and 

severe deformation cools down from the tool advancing, the cool-down zone is created, 

reference Figure 4. 
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Figure 4.  Metallurgical processing zones developed during friction stir joining [6]. 

 

2.4.3 Metal Flow Zones 

Five different metal flow zones have been identified within the transverse section of the 

FSW nugget in [4, 7], reference Figure 5. Zone I and II represent the advancing and retreating 

side extrusion zones respectively. Zone III is the flow arm where material was dragged across the 

nugget. Zone IV is the swirl zone of material processing near and beneath the pin tool tip. Zone I 

is filled in by an interleaving pattern of material passing through the other zones, and zone V 

(recirculation zone) may form under very hot processing conditions. According to Arbegast [7] if 

a wormhole defect forms, it usually occurs at the interface between zone I and zone IV, reference 

Figure 6. 

 
 

Figure 5.  Metal flow zones developed during friction stir welding [7] 

VV 
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Figure 6.  Void formation at the flow zone interfaces [7]. 

2.5 FSW Imperfections 

Even though FSW is a relatively simple process, an inadequate combination of 

parameters during welding may produce undesirable results. The types of imperfections observed 

depend on the weld configuration. In the butt weld configuration, common imperfections are 

voids and wormholes, lack of penetration and joint line remnant defects (also known as kissing 

bond, lazy S or entrapped oxide defects) [4, 8]. Some of the defects that can be created in the lap 

weld configuration are hooking, sheet thinning, oxide remnant, and voids. In this study, only the 

butt weld configuration will be analyzed. 

2.5.1 Wormhole Defect and Intermittent Voids  

One of the most common defects associated with FSW butt weld configurations is a 

wormhole defect [2]. A wormhole, or tunnel defect, that runs along the weld is a cavity below 

the weld surface and is attributed primarily to insufficient forming pressure under the tool 

shoulder.  This prevents the material from fully consolidating [4, 6]. Figure 7 shows a macro 

section of a FSW nugget with a wormhole capture with a stereomicroscope. In some cases, 
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especially when welding in displacement control, voids do not form as a continuous wormhole. 

Instead, they may appear and disappear periodically, forming intermittent voids. 

 

 
 

Figure 7. Macro section of FSW with a wormhole on the advancing side of the weld, red circle 

 

2.5.2 Lack of Penetration Defect 

Another common imperfection in FSW butt welds is incomplete root penetration, or lack 

of penetration on the root side, leaving a part of the joint line without full consolidation. This can 

be caused by insufficient penetration of the pin tool into the workpiece, either by the shortness of 

the pin tool for a particular parameter set or a failure to fully engage the pin tool. It can also be 

caused by misalignment with the joint line. Similar to the wormhole defect, the lack of 

penetration can cause severe weakening of the mechanical properties of the weld because of the 

reduction of the cross sectional area within the workpiece.  Figure 8 shows a macro section with 

a lack of penetration.  In this case, it is obvious because the weld nugget is slightly smaller than 

the thickness of the parent material, leaving an un-joined remnant. 
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Figure 8.  Macro section with lack of penetration, red circle 

 

2.5.3 Joint Line Remnant Defect 

This defect, also known as a kissing bond, lazy S or entrapped oxide defect, is due to a 

semi-continuous layer of oxide through the weld nugget. If a metallurgical bond is not formed 

along the defect, a zero volume joint line is formed that is sometimes referred to as a kissing 

bond defect.  Joint line remnant forms from insufficient deformation at the faying surface 

interface due to either incorrect tool location relative to the joint line, a lack of sufficiently 

turbulent mixing, or cold processing conditions [4, 8]. It can also be exacerbated by poor 

cleaning of the workpiece prior to welding, reference Figure 9.   

 



10 
 

 
 

Figure 9.  Joint line remnant in the nugget (identified by arrow) 

 

2.6 Feedback Forces 

Feedback forces from the pin tool are measurements of the material resistance forces 

induced by the pin tool’s rotation and travel [2]. The feedback forces generally exhibit sinusoidal 

oscillations [2, 7, 9]. The feedback force acting on the travel direction against the pin tool is Fx. 

The feedback force acting perpendicular to the travel direction is Fy, and is the measure of the 

side to side motion. Perpendicular to the plane containing Fx and Fy forces is the Fz force, which 

represent the forging force of the tool. With the help of the right hand rule, the positive direction 

for these forces can be obtained, reference Figure 10. 
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Figure 10.  Fx, Fy, and Fz feedback forces generated by the pin tool [2]. 

 
During the welding process, when the welder is equipped with sensors capable of 

collecting the feedback forces, this measurement can be collected for analysis. The repeatable 

and cyclical nature of the material flow patterns in FSW and their relationship to process forces 

provide an opportunity to develop intelligent FSW algorithms which include sensing and 

feedback control systems [7].  

Arbegast also found that an increase in Fx is related to faster travel speeds and colder 

processing conditions [7]. On the other hand, with hotter processing conditions, the softer the 

material the lower the Fx is. An increase in Fy is an indication of force imbalance of flow from 

the advancing to the retreating side of the weld. These imbalances cause perturbations in the flow 
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pattern, manifesting as fluctuations in the magnitude and direction of processing forces. From 

this, it is observed that as the flow becomes less well behaved void formation begins to occur, 

creating greater imbalances which in turn increase the magnitude of Fy. 

Morihana [9] has analyzed the Fx, Fy and Fz force magnitudes and directions developed 

during FSW in frequency space using Fourier Transformation techniques and has demonstrated a 

correlation to weld quality. In his study, the presence of very low frequency force events was 

correlated to the presence of wormhole defects. Jene et al [10] also gave evidence that frequency 

spectra of feedback forces have a high potential for monitoring weld quality. In Figure 11, it can 

be seen how the amplitude of the low frequency oscillations increases, relative to spindle 

frequency, when a wormhole is forming.  

 

 
Figure 11. Frequency spectra of Y force with the corresponding metallographic images. The 

vertical axis is the amplitude normalized by the maximum amplitude. The spindle peak is located 
at 4.16 Hz (250 rpm). Amplitude of low frequency oscillations tend to increase while a 

wormhole defect starts forming [2] 

Spindle Frequency 

Low Frequency 
associated with defect 
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2.7 Non-Destructive Evaluation (NDE) 

Presently, a variety of control methods are being applied to ensure the quality of friction 

stir welding. In high volume fabrication and/or in sensitive parts, cost of quality control can be a 

very important factor in the equation to decide which method will be applied. Two of the most 

reliable techniques applied in industry today are Ultrasonic Phased Array (UPA) and X-ray 

inspection.  

2.7.1 Ultrasonic Phased Array Analysis 

One of the non destructive techniques successfully applied to FSW is ultrasonic phased 

array (UPA) [12, 13, 14]. This powerful technique is widely applied to FSW because of its 

capability to detect the size and location of different kinds of FSW defects.  It provides the 

coverage and the speed required reliably. Also, UPA maximizes the probability of detection of 

flaws by adjusting the inspection angles and eliminates the need for a second scanning axis, as 

scanning setups are done electronically. However, the accuracy of the test is associated with the 

training, expertise and the experience of the technician.  It is also highly dependent on test setup. 

To apply this technique, an operator should have considerable experience in weld inspections, 

besides the necessary training. An UPA scan performed by Olympus NDT from the crown side 

(tool shoulder side) of the weld can be seen in Figure 12. In (A) the wormhole can be seen along 

the weld and in (B) the wormhole is shown on a transverse image at depth.  
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Figure 12.  UPA scan, Feasibility study provided by Olympus NDT, 2008. Sample number 
CFSP08502_3, (A) along the weld and (B) in depth 

 

2.7.2 X-ray Analysis 

Another inspection applied to FSW is the electromagnetic radiation X-ray where the 

image of the analysis can be digitized for evaluation. Most of the time, the accuracy of the test is 

associated with the expertise and the experience of the technician, but it is highly dependent on 

inspection criteria. To apply this technique, an operator must complete a minimum number of 

hours of experience besides the necessary training, reference Figure 13. 

 

 
 

Figure 13.  X-ray Digital picture provided by Cessna Aircraft, sample number CFSP08502_9 

B 

A 
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2.7.3 FSWAT Software, Real Time NDE 

The Friction Stir Welding Analysis Tool software was built using Microsoft Visual 

C++.NET and implements the algorithms discussed in Section 2.8. The FSWAT has the 

capability to read all feedback forces recorded as data files during the welding process. It was 

designed to analyze any specified section of the weld in real time (with a slight computation 

delay) in a non-destructive manner. The tools provided by the software for conducting the 

analysis are the frequency-spectrum analysis, the phased space analysis and the autocorrelation 

and cross-correlation functions. The frequency-spectrum analysis tool calculates the Discrete 

Fourier Transformation (DFT), graphically displays the analysis, and extracts feature vectors 

from the DFT. Feature vectors are n-dimensional vector of numerical features that represent 

some object. The phase-space analysis tool plots the phase plane of time series data versus its 

time derivative. In addition, the phase-space analysis tool calculates a stability number and the 

time gap of the feedback forces described by Boldsaikhan [2]. 

2.8 The Algorithms Applied In FSWAT 

As mentioned above, the FSWAT implements the algorithms discussed by Boldsaikhan 

[2,15,16]. These include the use of a Neural Network (NN) - Discrete Fourier Transformation 

(DFT) technique and the Phase Space based approach for real time evaluation of friction stir 

welding and is discussed in the next section.  . 

2.8.1 NN and DFT for Real Time Evaluation of FSW 

This algorithm consist of two procedures, the first is to extract a feature vector from the 

frequency spectra of the feedback forces and the second is to employ a multilayer NN trained 

with the error-back propagation method. As stated by Boldsaikhan, the advantage of 
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implementing a NN is the possibility of defining a problem empirically by using sufficient 

examples, rather than describing it analytically [2]. 

Boldsaikhan et al. implemented the use of NN, a well known classification method, to 

show that oscillation of feedback forces can be used to evaluate weld quality [15]. In his 

investigation, the use of Fx feedback forces extracted from the weld data was demonstrated to be 

a good feedback signal to evaluate tensile strength at three levels (good, satisfactory or bad) with 

90% correctly classified using a NN. Also in the same investigation, using a neural network the 

Fy feedback force was shown to correctly classify 100% of the welds containing wormholes. 

Figure 14 shows a multilayer neural network. 

 

 
 

Figure 14.  Multilayer neural network for detecting wormhole defects 

 

2.8.2 Phase Space and Time Gap Analysis 

The phase space algorithm used on the FSWAT has two procedures. The first procedure 

is to determine the stability of the X and Y forces using the Poincaré map method. The second 

procedure is to measure the time gap. The decision logic of the phase-space-based analysis 

algorithm is shown in Figure 15. 
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Figure 15.  Decision logic for the phase space approach 

 
In Figure 15, the variables α and β stand for empirical parameters for the stability number 

and the time gap. Theses parameters were set at α = β = 2 by Boldsaikhan and showed a good 

correlation in his research [2, 16].  

2.8.2.1 The Phase Space 

The phase space is the plot of the feedback force against its own time derivative and 

shows the dynamics of a variable changing through time. In FSW, a phase space plot can be 

defined by: 

• Fx force   x 

• Time-derivative of Fx force: dx/dt 

• Fy force   y 

• Time-derivative of Fy force: dy/dt 

The curves formed by plotting a variable against its derivative through time are known as 

trajectories or orbits. As a simple example, plotting the function f(t)=sin(t) against its derivative 

df/dt=cos(t) will produce a circle. When a system is stable (e.g. periodic), the trajectories tend to 
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overlap each other tightly on circular paths. If the system is unstable, however, the paths will 

separate.  

As presented before, the Fy force feedback is the most closely correlated to metallurgical 

quality [7]. This is the main reason why phase space analysis was applied to quantify the 

instability of the Y force feedback in the research of Boldsaikhan et al. [16]  

2.8.2.2 The Poincaré Map 

To quantify the instability of the system in the phase space, Boldsaikhan et al [16] 

applied the Poincaré Map method, which is used to locate a hyperplane orthogonal to the 

direction of the trajectory. With periodic and stable trajectories a repeated intersection on the 

hyperplane at the same point can be obtained. As the orbits start to lose periodicity (or as the 

orbits do not return over the same trajectory), a cluster of points will appear on the hyperplane. 

The Poincaré Map is also called the “first return” map, reference Figure 16. 

 

 
 

Figure 16.  First return map or Poincaré map. 

 

A method of characterizing the distribution pattern of the points is to calculate the 

standard deviation  of the cluster. The standard deviation can be calculated as: 

 

σ  
A

       Eq. 1 [16]. 



19 
 

 

Where σ1 is the standard deviation of the cluster from the bottom to the top piercing or 

intersection; A is the amplitude of the spindle frequency oscillation. 

2.8.2.3 The Phase Space Approach 

The quantity that defines the stability of the feedback forces is the stability number [2]. 

Figure 17 shows a schematic process to calculate the stability number based on a selected, or 

Windowed, range of the raw force feedback data. 

 

 
 

Figure 17.  Schematic process to calculate the Stability Number [2] 

 

The stability number of the feedback forces was defined by Boldsaikhan as shown in 

Equation 2 and can be calculated from [2]: 

       Eq. 2 

 

Where: 

σx sample standard deviation of local maximum points of X forces 

Ax amplitude of the spindle frequency oscillation of X forces 

σy sample standard deviation of local maximum points of Y forces 

Ay amplitude of the spindle frequency oscillation of Y forces  
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2.8.2.4 The Time Gap  

The second procedure used on the phase space approach is to measure the time gap. The 

time gap was defined by Boldsaikhan as the divergence between the deposition time plus the 

equilibrium time and the time that the spindle spends in an entire rotation (the sum of the 

origination time and the deposition time) [2]. During the period of time called the “origination 

time”, Fy decreases with the flow of material from the leading side to the trailing side (see Figure 

18). Conversely, in the period of time called the “deposition time”, material flows from the 

trailing side to the leading side causing Fy to increase, reference Figure 18. In an ideal situation 

the origination time and the deposition time will be equal, and both will be equal to half of the 

spindle period.  Further, the equilibrium time of a weld will be half of the spindle frequency. 

Then, in order to have a good weld the difference between the equilibrium time and the 

deposition time should be zero or near zero.  

 

 
 

Figure 18.  Shear forces relating to Fy feedback force [2] 
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3 OBJECTIVE AND METHODS 

3.1 Objective 

The purpose of this study is to determine if the defects found using the non-destructive 

evaluation techniques, ultrasonic phased array and X-ray inspection, can be identified by the 

FSWAT software. The ultimate goal of this research is to support the development of real time 

quality control to minimize the cost of inspection through statistical process control methods.  

3.2 Methodology 

In this project, feedback force signals provided by the MTS® ISTIR™ PDS welding 

machine located at the Advanced Joining and Processing Lab (AJP) at the National Institute for 

Aviation Research (NIAR), Wichita State University, were analyzed with the FSWAT software 

and soon after compared with the results of NDE as well as destructive tests. Unlike the study 

performed by Boldsaikhan [2,15,16], where the welds were created using a cylindrical threaded 

pin tool, the software analysis in this project deals with tool differences, a different aluminum 

alloy, and the addition of a comparison with existing NDE techniques. A stability number 

evaluation of the phase space approach and a DFT- neural network training and classification 

was performed on the feedback force data. 

3.2.1    Experimental Procedure 

The experiment consisted of friction stir weld in a butt weld configuration using five 

different tools to create ten different welds, each with a unique combination of processing 

parameters for welding 0.25 inch thick aluminum alloy AA2024-T351. Each weld was repeated 

three times for a total of 30 welded plates in order to study the repeatability of the defects and 

analysis. The tools and the welding parameters were selected from the path independent work of 
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Widener et al. performed in the NIAR AJ&P Lab [1]. The tools vary widely in both pin and 

shoulder features. The tools had the following distinguishing features: 

1. Classic TWI 5651 probe and shoulder 

2. TWI Tri-flute™ probe with a scrolled shoulder 

3. A scrolled shoulder and a probe with threads and straight flats 

4. A small diameter Wiper™ shoulder and a probe with threads and twisted flats 

5. A large diameter Wiper™ shoulder and a probe with threads and twisted flats 

These tools are shown in the Figure 19 below. Also, a graphic with the set of welding parameters 

utilized for each of the five tools respectively can be seen in Figure 20. 

  

 
 

Figure 19.  Tool design [1] 
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Figure 20.  Set of welding parameters for the five different tools respectively. 

 
For this work, the capture rate of feedback forces of the MTS ISTIR was set as 10 times 

the frequency of the spindle speed for every weld as a standard. Boldsaikhan in [2] 

recommended that the capture rate should not be less than 8 times the spindle frequency for a 

good analysis. This was done to account for every group of welds having different welding 

parameters. For example, data from a 600 RPM (10 Hz) weld would be captured at 100 Hz while 

data from a 300 RPM (5 Hz) weld would be captured at 51.2 Hz (which is the closest available 

capture rate on the MTS ISTIR to 50 Hz). 

Every welded plate was analyzed with the FSWAT software in the lab. The UPA analysis 

as well as the X-ray analysis was performed by technicians/engineers in a round robin 

investigation with the participation of Olympus NDT, Cessna Aircraft Company, Hawker 

Beechcraft, Spirit Aerosystems, and Bombardier-Learjet-Short Brothers. After the round robin 
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investigation was completed the result were verified by metallographic inspection and correlated 

with mechanical test results performed in the AJP lab. Finally, probability of detection curves 

were constructed as a statistical evaluation for each of the non-destructive inspection techniques.  

3.2.2 Weld Preparation 

Plates of aluminum alloy AA2024-T351 of 12 in. by 4 in. with a thickness of 0.25 in. 

were welded together in a butt weld configuration. The welding parameters utilized for each pin 

tool were different and derived from the results of previous work [1]. Table 1 shows the original 

NIAR AJ&P Lab work order number from where the parameters were obtained.  It also included 

the pin tool design and the new NIAR AJ&P Lab work order number utilized to create the 

“good” and “bad” welds for the project.  

3.3 NDE Round Robin Investigation 

Once all the plates were welded, they were sent to each of the participants of the NDE 

round robin investigation as a complete set of 30 plates for analysis. The only instruction 

regarding the analysis that the companies received was to inspect the welded region for defects 

per their own internal specifications, and to provide a report detailing their findings. 

Olympus NDT conducted an UPA demonstration on only two plates as a feasibility study 

in the initial stages of the project. Since they only inspected two of the 30 plates, their findings 

were not included in the overall analysis; however, their results were used as a qualitative 

comparison with the other UPA and X-ray results published by Gimenez, Widener, Brown and 

Burford [20].  The plates were immersed in water and scanned from the crown and root side of 

the weld over the weld track of the plate on a single scan using a mini-wheel encoder. Figure 21 

shows the Omniscan MX from Olympus NDT as well as the test set up. 
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The first company that analyzed the welded plates for the round robin investigation was 

Cessna Aircraft Company using both UPA and X-ray analysis. The UPA analysis was also 

performed in immersion, just like Olympus NDT. The plates were scanned from the crown side 

of the weld on the advancing and retreating sides of the weld track, as shown in Figure 22. The 

X-ray analysis at Cessna Aircraft was performed with a Digitized Film Radiography Kodak M 

film, 60 seconds flat exposure. A digital file with the actual images from the UPA and the X-ray 

inspection were received, and measurements of the void locations were extracted from those 

images. 
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Table 1.  List of work order (expected good weld are highlighted)   

original work order equivalent work order tool
1 FSW07026_2 FSW08502_1 wiper
2 FSW07026_2 FSW08502_33 wiper
3 FSW07026_2 FSW08502_34 wiper

4 FSW07026_7 FSW08502_2 wiper
5 FSW07026_7 FSW08502_6 wiper
6 FSW07026_7 FSW08502_7 wiper

7 FSW07026_14 FSW08502_3 wiper
8 FSW07026_14 FSW08502_8 wiper
9 FSW07026_14 FSW08502_9 wiper

10 FSW07027_11 FSW08502_10 triflute
11 FSW07027_11 FSW08502_11 triflute
12 FSW07027_11 FSW08502_12 triflute

13 FSW07033_1 FSW08502_13 scroll
14 FSW07033_1 FSW08502_14 scroll
15 FSW07033_1 FSW08502_15 scroll

16 FSW07033_3 FSW08502_26 scroll
17 FSW07033_3 FSW08502_27 scroll
18 FSW07033_3 FSW08502_28 scroll

19 FSW07045_1 FSW08502_17 small wiper
20 FSW07045_1 FSW08502_18 small wiper
21 FSW07045_1 FSW08502_19 small wiper

22 FSW07037_1 FSW08502_20 twi 5651
23 FSW07037_1 FSW08502_21 twi 5651
24 FSW07037_1 FSW08502_22 twi 5651

25 FSW07037_10 FSW08502_23 twi 5651
26 FSW07037_10 FSW08502_24 twi 5651
27 FSW07037_10 FSW08502_25 twi 5651

28 FSW07037_8 FSW08502_29 twi 5651
29 FSW07037_8 FSW08502_30 twi 5651
30 FSW07037_8 FSW08502_32 twi 5651  
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Figure 21.  (A) Olympus Omniscan; (B) Inspection set up 
 

 
 

                
 

 
 

Figure 22.  (A), Cessna Aircraft Company instrumentation; (B), Inspection set up, (C) 
Inspection direction on the plate  
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The next company to receive the welded plates for an X-ray inspection was Hawker 

Beechcraft. An NDT level III technician/engineer made the inspection and a full report of his 

findings with void size and void location was submitted. No images were included in the report. 

Then, Spirit Aerosystems inspected the welded panels with X-ray as well. Also, an NDT level III 

technician/engineer performed the inspection in accordance with their own specifications. A full 

report of their findings with void size, void location and void description was presented. The last 

analysis was conducted by Bombardier-Learjet-Short Brothers. They performed both, UPA and 

X-ray analyses. For the UPA analysis, a Rapidscan 2 Scanning System was implemented and the 

analysis was performed on the crown of the weld over the weld track. For the X-ray analysis, a 

GULMAY 160 KV X-ray system with Kodak processing was utilized. An NDT level III in 

accordance with Bombardier’s internal procedures reported in detail his findings (see appendix). 

3.4 FSWAT Software Analysis 

The weld signal files for the 30 plates were analyzed at the lab with the software package 

using the techniques described in 2.8, namely Neural Network and DFT evaluations as well as a 

stability number evaluation on the phase space approach. To train the NN, three feature vectors 

per each point were obtained from the Fy feedback force, two were used to train it and the third 

point was used to test the classification of the neural network (see appendix). Also, at every 

point, the value of the stability number was collected. The value α for the stability number 

threshold was kept at 2, the same threshold used by Boldsaikhan [2]. The FSWAT software 

evaluation result can be found in section 4.4. Figure 23 shows an example of the FSWAT 

software environment for a file evaluation. 
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Figure 23.  Example frame from FSWAT software environment 
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3.5 Destructive Tests  

Once the NDEs were performed and the results were gathered, each plate was marked 

with the different indications provided by the different techniques and operators (labeled A to F 

to avoid disclosure). From this, the points of interest for a destructive evaluation were found 

relative to differing methods and operators. This created a different cut plan for every welded 

plate for metallographic inspection and mechanical testing. Figure 24 shows a marked plate 

ready to be cut to obtain macro sections for metallographic inspection and tensile coupons for 

mechanical testing. 

 

 

Figure 24.  Cut plan on CFSP08502_12. A, B, C, and E correspond to X-ray analysis. D and F 
correspond to UPA analysis 
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3.5.1 Macro Sections Analysis 

Out of the 30 welded plates, a total of 83 macro sections (micrographs for metallographic 

inspection) were made. Every macro sample was mounted in acrylic solution and polished at the 

AJP lab with polishing solutions and disc clothes down to 0.05 µm. and etched with Keller 

reagent (nitric acid, hydrochloric acid, hydrofluoric acid and water). All the macro sections later 

were inspected using an Olympus SZ61 stereoscope and an Olympus GX51 microscope from a 

magnification of 0.67x to 100x. Pictures from the macro sections were captured using a digital 

PAXcam camera and PAX-it software (version #7.1) for evaluation. 

3.5.2  Mechanical Test 

A total of 82 tensile test coupons were made of the 30 plates. Tensile coupons were made 

in every welded plate as close to the macro sections as possible. All of them were cut and dog 

boned at the AJP lab according to the ASTM E8 standard [19], reference Figure 25.  

 
 

Figure 25.  Tensile coupon dimension. ASTM E8 – 03 
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Before testing, all the coupons were sent once again to Spirit Aerosystems where an X-

ray inspection on each tensile coupon was performed, findings are discussed in section 4.5.3. 

Table 2 shows a list of macro sections and tensile coupons obtained from each plate. The plates 

CFSP08502_03 and CFSP08502_10 were kept out of the study since not all the companies had 

the opportunity to inspect them.  

Table 2.  Number of macro section and tensile coupon per welded plate 

Work order Number of 
macros

Number of 
tensile

CFSP08502_01 5 3
CFSP08502_02 2 2
CFSP08502_03 0 0
CFSP08502_06 2 2
CFSP08502_07 2 2
CFSP08502_08 3 4
CFSP08502_09 3 4
CFSP08502_10 0 0
CFSP08502_11 3 3
CFSP08502_12 4 3
CFSP08502_13 3 3
CFSP08502_14 2 2
CFSP08502_15 2 2
CFSP08502_17 3 3
CFSP08502_18 2 2
CFSP08502_19 5 5
CFSP08502_20 4 4
CFSP08502_21 2 2
CFSP08502_22 3 3
CFSP08502_23 3 3
CFSP08502_24 4 4
CFSP08502_25 2 2
CFSP08502_26 3 3
CFSP08502_27 2 2
CFSP08502_28 3 3
CFSP08502_29 2 2
CFSP08502_30 3 3
CFSP08502_32 3 3
CFSP08502_33 4 4
CFSP08502_34 4 4

Total: 83 82  
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3.6 Limitations 

3.6.1 Noise in the Data 

The sources of noise in the feedback force signals of FSW could be the result of clamping 

forces, pin tool wear or damage, anvil damage, or vibration on the welding machine. The best 

alternative to deal with undesirable noise is to work on the noise generation. Noise that comes 

from the vibration of the welding machine is a more challenging issue and may require more 

technology to isolate the vibration. In any alternative, it is always desirable to avoid any noise 

generation in the feedback force signal than to filter it. 

3.6.2 Repetition of NDE techniques 

During the round robin investigation, it was possible to perform four different X-ray 

analyses in different locations and two ultrasonic phased array analyses in different locations as 

well. For the final project analysis, however, only three X-ray analysis results and one UPA 

result were utilized, due to incompatibility of reporting methods as described in Section 4.4. 
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4 RESULTS 

4.1 Inspection Reports 

As mentioned in Section 3.3 the participants of the round robin investigation presented a 

report of the techniques applied in their facility. Copies of those reports are included in the 

appendix. An example of an indication reported by Olympus NDT using UPA analysis is shown 

in Figure 26. In this case, the flaw starts at 8.7 in. (222 mm) from the beginning of the plate and 

continues to the end of the plate, indicated in the red circle. 

 

 

Figure 26.  Indication of void (in red), UPA inspection. Work order number CFSP08502_03 
welded with Wiper™-large pin tool. Olympus NDT feasibility study. 

 
Next, Figure 27 shows the UPA analysis carried out by Cessna Aircraft Company.  This 

analysis was completed on work order number CFSP08502_9, which has the same welding 

parameters and pin tool as CFSP08502_03 analyzed by Olympus NDT (Figure 26Figure 26). In 

the report presented by Cessna Aircraft, the flaws are located at 7.7 in. (195 mm) from the 
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beginning of the weld and continue to the end of the weld. By comparing the result from Cessna 

Aircraft and Olympus NDT it was possible to confirm that both facilities were using similar 

techniques yielding similar results, and also demonstrated good repeatability of the weld 

parameter outcomes.  

 

Figure 27.  Indication of void (in red), UPA inspection. Weld number CFSP08502_09 using a 
Wiper™ -large pin tool. Cessna Aircraft. 

 
An example of a digital image from an X-ray inspection is shown in Figure 28 with the 

voids marked in the black circle. This image corresponds to work order number CFSP08502_9, 

and was included in the report by Cessna Aircraft. In this case the weld exit hole is clearly 

visible as a large black circle and the void are present as a light dotted line off set to the 

advancing side of the weld.  

 

 

Figure 28. X-ray image, Cessna Aircraft Company. Weld number CFSP08502_09. Voids inside 
black circle 

 
In some cases, digital images were not included as part of the report. Instead, written 

inspection reports were the only documentation provided for the X-ray analysis. Figure 29 shows 

Exit hole 

Advancing side 



36 
 

part of the detailed report of the X-ray analysis carried out and presented by Hawker Beechcraft, 

Spirit Aerosystems, and Short Brothers-Bombardier respectively (see appendix).   

 

 
 

 

4.2 Metallographic Result 

Every macro section was inspected at the lab looking for the presence of voids or 

wormholes. The longest dimension in a void in any direction was considered as the size of the 

Figure 29.  X-ray inspection Reports presented by Hawker Beechcraft, Spirit Aerosystems, and 
Bombardier-Learjet-Short Brothers respectively 
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void. In the situation of multiple voids in the same macro section, the dimension of largest void 

was used. The clustering effect of multiple smaller voids acting as a single larger void was not 

considered because although it may affect tensile strength, it’s primarily the size of the void that 

determines its detectability.  

Figure 30 (A) shows a macro section at 0.67x magnification (stereoscope magnification, 

not printed magnification), where a wormhole can be observed. Figure 30 (B), the same 

wormhole is shown with a magnification of 100x. Figure 31 shows another macro section where 

a cluster of voids can be seen at higher magnification. Both macro sections are part of the 

metallographic analysis conducted in the lab. The histogram in Figure 32 shows the void size 

distribution in all the macros inspected. A tabulated summary of the results is discussed in 

Section 4.4. It is important to note that in this investigation, repeatability was qualitatively high 

in terms of void location and size, for the welds produced with the same tool and weld 

parameters. 

 

 

Figure 30.  Macro section CFSP08502_01_M1, (A) at 0.67x magnification, and (B) at 100x
magnification. Wormhole marked in the red circle 

A 
B
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Figure 32. Histogram of void size distribution 

 

4.3 Neural Network Classification Result  

As mentioned in Section 3.4 the Neural Network algorithm of the FSWAT software was 

trained with two feature vectors obtained from the Fy feedback force and was tested with one 
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Figure 31.  Macro section CFSP08502_06_M2, (A) at 0.67x magnification, and (B) at 100x
magnification. Wormholes market in the red circle 
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feature vector obtained from the same feedback force. It was possible to train it with 100% of the 

feature vectors, and the neural network algorithm was able to correctly classify 92.7% of the 

samples. Only 3 samples of a total of 28 were false positive classifications and only 3 samples 

with voids were not detected. This result can be seen in the evaluation summary, shown in Table 

5. 

4.4 Data Collection 

In order to make an evaluation of all the results, an Excel sheet was populated with the 

results of every destructive and non-destructive test, as shown in Table 3. In this Excel file, the 

data inputs are: number of macro sections, location of the macro sections, NDT inspection results 

per participant, software package inspection results, and macro section void size. For every point 

of interest, M1=0 means no flaw detected and M1=1 means that a flaw was detected by the 

corresponding test. During the evaluation of the different inspection results, results from 

company E and F were discarded due to a lack of compatibility of their reporting formats with 

the other companies. The remaining NDT results were verified with the metallographic 

inspection.  In Table 4, the macro sections that presented physical indications of voids are listed 

organized by pin tool design and corresponding work order. Also, in this table, indication = 0 

means no void was detected, and indication = 1 means a void was detected by the various NDT 

techniques applied listed from A to D, as well as for the evaluation results of the Stability 

number and the NN classification of the FSWAT software. 
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Table 3.  Result summary (from Excel file) 

# of correct 
detection

73 83 count
CFSP08502_ 1 M1 M2 M3 M8 M14 5 no matching = 0

location 2.875 5.125 7.125 8.7 10.125 matching = 1
A 0 0 0 0 0 0 0 1 1 0 2
B 1 1 0 0 1 1 1 1 1 1 5
C 1 1 0 1 1 1 1 1 0 1 4
D 1 1 0 1 1 1 1 1 0 1 4
E NA NA NA NA NA 0
F NA NA NA NA NA 0
DFT 0 1 0 1 1 0 1 1 0 1 3
Stability # 0 1 0 1 0 0 1 1 0 0 2
Macro 1 1 0 0 1
void size (in) 0.029 0.006 0 0 0.02

CFSP08502_ 2 M1 M2 2
location 4.5 9
A 1 1 1 1 2
B 1 1 1 1 2
C 1 1 1 1 2
D 1 1 1 1 2
E 1 1 1 1 2
F NA NA 0 0 0
DFT 0 0 0 0 0
Stability # 0 0 0 0 0
Macro 1 1
void size (in) 0.009 0.018

CFSP08502_ 6 M1 M2 2
location 5.125 9.625
A 1 1 1 1 2
B 1 1 1 1 2
C 1 1 1 1 2
D 1 1 1 1 2
E 1 1 1 1 2
F NA NA 0 0 0
DFT 0 1 0 1 1
Stability # 0 1 0 1 1
Macro 1 1
void size 0.017 0.027

matching resultpoint of interest

Test results
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Table 4.  Detection data, macros with wormholes 

Tool work order CFSP08502_ void size A B C D St # NN
wiper 1 M1 0.029 0 1 1 1 0 1
wiper 1 M2 0.006 0 1 1 1 1 1
wiper 1 M14 0.02 0 1 1 1 0 1
wiper 2 M1 0.009 1 1 1 1 0 1
wiper 2 M2 0.018 1 1 1 1 0 1
wiper 6 M1 0.017 1 1 1 1 0 1
wiper 6 M2 0.027 1 1 1 1 1 1
wiper 7 M1 0.009 1 1 1 1 0 1
wiper 7 M2 0.026 1 1 1 1 0 1
wiper 8 M3 0.019 1 1 1 1 0 1
wiper 9 M1 0.001 0 0 0 0 0 1
wiper 9 M2 0.004 0 0 0 1 0 1
wiper 9 M3 0.013 1 1 1 1 0 1
wiper 33 M1 0.004 0 0 0 0 0 0
wiper 33 M4 0.01 1 1 1 1 1 0
wiper 34 M4 0.014 1 1 1 1 1 1
triflute 12 M1 0.008 1 1 1 0 0 0
triflute 12 M2 0.027 0 1 1 0 0 1
triflute 12 M3 0.005 0 1 1 0 1 1
smallwiper 17 M1 0.007 1 1 1 1 1 1
smallwiper 17 M2 0.005 1 1 1 1 1 1
smallwiper 17 M3 0.006 1 1 1 1 1 1
smallwiper 18 M1 0.006 1 1 1 1 1 1
smallwiper 18 M2 0.006 1 1 1 1 0 1
smallwiper 19 M1 0.007 1 1 1 1 1 1
smallwiper 19 M2 0.005 1 1 1 1 0 1
smallwiper 19 M3 0.006 1 1 1 1 0 1
smallwiper 19 M4 0.008 1 1 1 1 1 1
smallwiper 19 M5 0.008 1 1 1 1 1 1
twi5651 20 M1 0.032 1 1 1 1 1 1
twi5651 20 M2 0.025 1 1 1 1 1 1
twi5651 20 M3 0.038 1 1 1 1 1 1
twi5651 20 M4 0.07 1 1 1 1 1 1
twi5651 21 M1 0.044 1 1 1 1 1 1
twi5651 21 M2 0.043 1 1 1 1 1 1
twi5651 22 M1 0.024 1 1 1 1 0 1
twi5651 22 M2 0.033 1 1 1 1 1 1
twi5651 22 M3 0.048 1 1 1 1 0 1
twi5651 23 M1 0.015 1 1 1 1 0 1
twi5651 23 M2 0.006 1 0 1 1 1 1
twi5651 23 M3 0.011 1 1 1 1 1 1
twi5651 24 M1 0.006 0 1 0 1 0 1
twi5651 24 M2 0.009 1 1 1 1 1 1
twi5651 24 M3 0.017 1 0 1 1 1 1
twi5651 24 M4 0.012 1 1 1 1 0 1
twi5651 25 M1 0.005 0 1 1 1 1 1
twi5651 25 M2 0.015 1 1 1 1 1 1
twi5651 29 M1 0.012 1 1 1 1 0 1
twi5651 29 M2 0.011 1 1 1 1 0 1
twi5651 30 M1 0.006 1 1 1 1 0 1
twi5651 30 M2 0.01 1 1 1 1 0 1
twi5651 30 M3 0.012 1 1 1 1 1 1
twi5651 32 M1 0.012 1 1 1 1 1 1
twi5651 32 M2 0.002 1 1 1 1 1 1
twi5651 32 M3 0.015 1 1 1 1 1 1

TOTAL 45 50 51 50 29 52  
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4.5 Evaluation of Results 

4.5.1 Probability of Detection of Voids Analysis  

The POD method, where the detection probability is determined as a function of the 

discontinuity size, was originally developed for the military aerospace sector [17]. As an early 

attempt to quantify the POD, it was defined as the number, n, of macros with voids correctly 

detected, divided by the total number, N, of macros with voids identified using NDE methods, 

reference Equation 3. The POD results in a single number for the entire range of voids [18]. In 

this investigation, the total number of macros with a physical indication of voids, N, is 55. The 

number of macros without voids is 28, and the total number of macros inspected was 83. A 

summary of voids detected per company/industry, n, is provided in Table 5. A flow chart of 

analysis can be seen in Figure 33. 

 

        Eq. 3 
 
 

Table 5. Evaluation summary 

 
Company / 
Method

# correct 
indication %

Total 
wrong 
indication

# of void 
not 
detected

# false 
indication

A 73 / 83 0.88 10 10 0
B 76 / 83 0.92 7 5 2
C 78 / 83 0.94 5 4 1
D 76 / 83 0.92 7 5 4
Stability # 43 / 83 0.52 40 26 14
NN 77 / 83 0.93 6 3 3
X-ray (avg) 75 / 83 0.90 8 7 1

Company / 
Method

# of void 
detected 
"n" / "N"

% 
detected

# of clean 
macro 
detected

% of clean 
macros 
detected

# of clean 
macros not 
detected

A 45 / 55 0.82 28 / 28 100.00 0 / 28
B 50 / 55 0.91 26 / 28 92.86 2 / 28
C 51 / 55 0.93 27 / 28 96.43 1 / 28
D 50 / 55 0.91 26 / 28 92.86 2 / 28
Stability # 29 / 55 0.53 14 / 28 50.00 14 / 28
NN 52 / 55 0.95 25 / 28 89.29 3 / 28
X-ray (avg) 48 / 55 0.88 27 / 28 96.43 1 / 28
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Figure 33.  Flow chart of analysis 

 
As shown in Table 5, the detection rate of the stability number using the phase space 

approach for this investigation is low. This may be the result of an unadjusted threshold value, α, 

since α may vary for different pin tool designs; however, α was not investigated, instead the 

threshold value of α was set at 2 following previous work [2]. An investigation of the variation 

of the stability number threshold per pin tool design is expected to be the subject of a future 

investigation. For this reason Figure 34 shows only the POD of the X-ray (average), the UPA 

and the NN- DFT classification, but the stability number result is not shown. Note: the X-ray 

analysis is the only test repeated three times by different participants with an average of 88% of 

detection and a standard deviation of 5.8%. 
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Figure 34.  Probability of detection. Primary attempt 

4.5.2 Probability of Detection Curve 

In general, a NDE experiment is designed to establish the capability of an NDE system in 

terms of a representative POD curve and its lower 95 percent confidence bound [18]. A binary 

regression analysis based on the maximum-likelihood method was shown to be useful for 

constructing a POD curve [2]. Since the results provided by each company are all binaries 

(wormhole detected = 1 or not detected = 0) as well as the evaluation result from the FSWAT 

software, it is suitable to use the same binary regression analysis to compare the wormhole-

detection performance of the different companies. 

With ordinary linear models the response is continuous so the error between the response 

and the model has a continuous, Gaussian (normal) distribution. With binary data the resulting 
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error between observation and model prediction is decidedly non-normal (it’s binomial) and so 

treating it as Gaussian would produce inaccurate and unreliable parameter estimates, even when 

the model is restricted to realistic values (0 < y <1). Generalized Linear Models (GLM) 

overcome this difficulty by “linking” the binary response to the explanatory variables through 

the probability of either outcome 0 or 1. The transformed probability can then be modeled as an 

ordinary polynomial function, linear in the explanatory variables, and so it is a generalized linear 

model [23]. 

The software package R mh1823POD [24] algorithms implement four links to map -∞ < 

x < ∞ into 0 < y <1. The four links are the logit, logistic or log-odds function, the probit or 

inverse normal function, the complementary log-log function, often called Weibull by engineers, 

and the loglog function. For this work the Logit link was implemented (scatter in the plotted 

binary values is for graphic purposes only): 

Logit  log     Eq. 4 

 

In Eq. 4, f (a) is any appropriate algebraic function which is linear in the parameters 

where a is the void size, μ is the mean and is the standard deviation of the sample.  Often, but 

not always, this is a polynomial. In Eq. 5,  ( ) is the logistic sigmoid function. The probability 

of detection, pi = POD (ai), is define as a function linked to the ith void size, ai. The mh1823 

POD software uses the logit link for POD (a, ...). 

 

logit link , … Φ a    Eq. 5 
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4.5.2.1 X-ray POD Results 

POD vs. void size for each of the three X-ray inspections is plotted in Figure 35 - Figure 

37; where the minimum void size detected by each company is shown. The mean POD 

calculated from all company results is the solid line and its lower bound is the dashed line. For 

company A (Figure 35), it is believed that the increased standard deviation with the increase in 

defect size was just a type three mistake (i.e. a mistake in reporting) in this analysis, since the 

larger the void is the easier it is to detect.  

Next, a mean POD vs. void size with its lower 95% bound applied to the three X-ray 

analysis results is plotted in Figure 38. The minimum void size that was detected with 90% POD 

was 0.012 in. Then, in Figure 39, the plot of the three X-ray inspections all together, as well as 

the mean POD, is shown. Graphically, the POD curve shows that there is no significant 

difference within the X-ray results at any point of the curve since all three company results lie 

within the 95% confidence interval of the mean for a void size larger than 0.003 in. These results 

correspond to the current practices of X-ray analysis being applied in industry. 
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Figure 35. POD vs. void size, X-ray company A 
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Figure 36. POD vs. void size, X-ray company B 
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Figure 37. POD vs. void size, X-ray company C 
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Figure 38.  Mean POD vs. void size, X-rays analyses 
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Figure 39.  POD vs. void size. Red line, X-ray company A; Blue line, X-ray company B; Green 

line, X-ray company C; Black line, mean POD, and dashed line lower bound of the mean. 

 

4.5.2.2 UPA POD Results 

Figure 40 shows the POD vs. void size curve of the UPA analysis evaluated in this study. 

The minimum void size that was detected with a 90% of POD was 0.010 in. As it can be seen, 

the detection rate of the UPA is as high as the X-ray analysis. At this point, a comparison of the 

UPA result and the X-ray’s analysis results is needed. 

C 
A 

B 
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Figure 40. POD vs. void size, UPA analysis 

 

4.5.2.3 Combined X-ray & UPA POD Results 

In Figure 41 the mean POD vs. void size of the one UPA result and the three X-ray 

analysis results are compared. The minimum void size that was detected with 90% of POD was 

0.012 in. The same minimum void size detected by the three X-ray analyses is shown in Figure 

38. Figure 42 shows the POD curve of all three X-ray analysis results (red, blue and green line) 

as well as POD curve of the UPA analysis result. Graphically, the POD curve shows that there is 



53 
 

no significant difference within the X-ray results and the UPA at any point of the curve since all 

three company results lie within the 95% confidence interval of the mean for a void size larger 

than 0.003 in. 

 
 

Figure 41.  Mean POD vs. void size; X-ray's and UPA analysis results 
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Figure 42.  POD vs. void size. Red line, X-ray company A; Blue line X-ray company B; Green 
line X-ray company C, Purple line is company D with UPA; Black line mean POD, and dashed 

line the lower bound 

 

4.5.2.4 Comparison of NDE POD Results with NN results  

 
The mean POD vs. void size of the neural network classification is shown in Figure 43. 

The minimum void size detected with the NN was 0.005 in. with 90% POD. Also, the minimum 

void detected with 90% POD and a 95% confidence level was 0.019 in. Next, Figure 44 shows 

A

B C 

D 
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the mean POD of the NN, the UPA and the X-ray analysis results. The minimum void size that 

was detected with a 90% POD was a 0.011 in with the combined results.  

 
 

Figure 43.  POD vs. void size, neural network classification 
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Figure 44. Mean POD vs. void size. NN, UPA (company D) and X-ray (A, B, and C) analysis 
results 

 

In order to make a comparison between all the NDE techniques applied in this work, all 

the NDE POD curves were plotted together, Figure 45. Graphically, the POD curves show that 

there is no significant difference observed for this project within any of the techniques applied at 
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any point of the curve since all the results lie within the 95% confidence interval of the mean for 

a void size larger than 0.003 in. 

 
Figure 45.  POD vs. void size. Red line, X-ray company A; Blue line X-ray company B; Green 

line X-ray company C, Purple line UPA company D; Orange line NN; Black line mean POD and 
dashed line lower bound 

A

B 

C 

D 
NN 
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4.5.3 Tensile Test 

An in house report was prepared for the tensile test results.  A portion of the data is 

shown in Table 6, but the complete table is in the appendix. Besides the tensile result report, 

Spirit Aerosystems submitted the report of the X-ray analysis performed on the coupons. A 

portion of the report is shown in Table 7, but the complete table is given in the appendix. 

Table 6. Tensile test results (partial listing) 

Advanced Joining Lab x5205
upper shoulder pin Material 2024-T3
lower shoulder plate thicknes 0.250 Parent UTS 69

Weld Number Tensile 
#

RPM IPM
Forge 
Load 
(lbs)

Thickness 
(in) 

Width (in)  Tensile 
Load (Lbf)  

UTS(Ksi) 
Avg 
UTS 
(ksi)

St. Dev Joint 
Efficiency

Avg. Joint 
Efficiency

Yiels Stress 
at offfset

T1 0.25 0.4979 5503.945 44.217 64.08% 44.0
T2 0.25 0.4918 7696.428 62.598 90.72% 46.1
T3 0.25 0.5010 6180.476 49.345 71.51% 45.2
T1 0.25 0.4949 6389.298 51.641 74.84% 45.8
T2 0.25 0.4968 5534.187 44.559 64.58% 43.7
T1 0.25 0.5025 8182.183 65.132 94.39% 46.6
T2 0.25 0.5042 8032.340 63.723 92.35% 45.6
T3 0.25 0.5015 7944.344 63.364 91.83% 45.3
T4 0.25 0.5040 6364.819 50.514 73.21% 44.9
T1 0.25 0.4941 6967.511 56.478 81.85% 46.4
T2 0.25 0.4986 6266.529 50.273 72.86% 45.7
T1 0.25 0.499 6677.490 53.484 77.51% 46.2
T2 0.25 0.494 6044.895 48.917 70.89% 45.6
T1 0.25 0.5003 7865.494 62.886 91.14% 45.0
T2 0.25 0.4984 8980.626 64.993 94.19% 46.6
T3 0.25 0.5002 8107.380 64.833 93.96% 46.4
T4 0.25 0.4974 5771.168 46.411 67.26% 45.7
T1 0.25 0.5076 8226.602 64.827 93.95% 46.7
T2 0.25 0.5067 8194.201 64.687 93.75% 46.5
T3 0.25 0.5020 8120.180 64.702 93.77% 46.4
T4 0.25 0.5051 7446.244 58.968 85.46% 46.3
T1 0.25 0.4974 7250.703 58.309 84.51% 46.1
T2 0.25 0.4999 7126.874 58.026 84.10% 46.2
T3 0.25 0.4953 7487.455 60.468 87.63% 45.4
T1 0.25 0.5001 7122.475 56.968 82.56% 46.6
T2 0.25 0.5020 7217.650 57.511 83.35% 46.4
T3 0.25 0.4954 7550.374 60.964 88.35% 45.0
T1 0.25 0.4976 7507.084 60.346 87.46% 46.4
T2 0.25 0.4961 7537.807 60.776 88.08% 46.2
T3 0.25 0.4957 7576.369 61.137 88.60% 44.9
T1 0.25 0.4975 7019.307 56.436 81.79% 45.4
T2 0.25 0.5009 6870.380 54.864 79.51% 45.2
T3 0.25 0.4963 7146.448 57.598 83.48% 45.2
T1 0.25 0.4984 7113.981 57.049 82.68% 45.6
T2 0.25 0.4949 6746.200 54.526 79.02% 45.7
T1 0.25 0.4998 6803.537 54.450 78.91% 45.4
T2 0.25 0.4951 6178.101 49.914 72.34% 45.1
T1 0.25 0.5010 4887.446 39.021 56.55% 37.5
T2 0.25 0.5005 4826.391 38.572 55.90% 36.0
T3 0.25 0.4994 4635.809 37.131 53.81% 35.8

CFSP08502_09

CFSP08502_08

7500

4500

1.37

400 13 52.18 3.21

91.73%

86.64%

74.20%

0.99
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CFSP08502_06

60.68 87.95%

4.39 77.36%

6.82

16

232 7500

300 16

13

7000

69.71%

CFSP08502 
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8000

232 13 7500

CFSP08502_01 300 9.49 75.44%

48.10

52.05

5.01

60.75

700016

13

232

53.38

CFSP08502_07 7500

CFSP08502_14

400

232 13

56.30

7500

7500

7500 58.48

38.24800 20

13

3.23

7000 58.93

59.78 8.96

63.30 2.89

51.20

300

7500400

232

13

75.63%

55.42%

CFSP08502_15

CFSP08502_17

85.41%

1.78 80.85%

0.40 88.05%

84.76%

81.59%

1.34

2.17

55.79
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13
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Table 7.  X-ray on tensile coupons report presented by Spirit Aerosystems (part) 

QUALITY ASSURANCE LABORATORY REPORT X6350
Date: 10/17/2009

Gil Sylva
FSW Tensile Samples

.25” Aluminum
Sample Quantity: 89

CFSP08502-1-T1 Tightly spaced voids ≤.075” diameter across entire width of sample
CFSP08502-1-T3 Tightly spaced voids ≤.025” diameter across entire width of sample
CFSP08502-2-T1  Tightly spaced voids ≤.025” diameter across entire width of sample
CFSP08502-2-T2 Continuously connected voids across entire width of sample
CFSP08502-3-T4 Tightly spaced voids ≤.025” diameter across entire width of sample
CFSP08502-6-T1 Tightly spaced voids ≤.015” diameter across entire width of sample
CFSP08502-6-T2 Tightly spaced voids ≤.075” diameter across entire width of sample
CFSP08502-7-T1 Tightly spaced voids ≤.025” diameter across entire width of sample
CFSP08502-7-T2 Tightly spaced voids ≤.050” diameter across entire width of sample
CFSP08502-8-T4 Tightly spaced voids ≤.050” diameter across entire width of sample
CFSP08502-12-T1 Nine (9) voids ≤.050” diameter equally spaced across entire width of sample
CFSP08502-12-T2 Eight (8) voids ≤.050” diameter equally spaced across entire width of sample
CFSP08502-17-T1 Clusters up to .110” wide of minute pores across entire width of sample
CFSP08502-17-T2 Clusters up to .130” wide of minute pores across entire width of sample
CFSP08502-17-T3 Clusters up to .150” wide of minute pores across entire width of sample
CFSP08502-18-T1 Clusters up to .080” wide of minute pores across entire width of sample
CFSP08502-18-T2 Clusters up to .175” wide of minute pores across entire width of sample
CFSP08502-19-T1 Clusters up to .140” wide of minute pores across entire width of sample
CFSP08502-19-T2 Clusters up to .175” wide of minute pores across entire width of sample
CFSP08502-19-T3 Clusters up to .050” wide of minute pores across entire width of sample
CFSP08502-19-T4 Clusters up to .110” wide of minute pores across entire width of sample
CFSP08502-19-T5 Clusters up to .200” wide of minute pores across entire width of sample
CFSP08502-20-T1  Approximately .030” wide worm hole across entire width of sample
CFSP08502-20-T2 Approximately .030” wide worm hole across entire width of sample
CFSP08502-20-T3 Approximately .040” wide worm hole across entire width of sample
CFSP08502-20-T4 Approximately .050” wide worm hole across entire width of sample

MAA7-70084-1
Information Requested: Report all anomalies ≤.005” and mark samples

Requested by:
Part Number:
Material:

Spec. No. & Rev:

 
 

The criterion for tensile test classification is as follow: T=0 coupons with high tensile 

strength with or without wormhole, T=1 coupon with low tensile strength, macro section and X-

ray showing wormhole. Coupons with low tensile strength without wormhole were neglected. 

Low tensile strength in FSW is not necessarily due to the presence of a void or a wormhole but 

also can be the result of welding parameter selection. A tensile strength value was considered 

low if it was less than 60.9 ksi, which was a minimum design allowable for tensile strength 
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calculated from previous work [1]. In the current study, welding parameter optimization is not 

under consideration. Table 8 shows the summary of the tensile classification based on the 

mentioned criterion. 

Table 8. Tensile classification summary 

Tensile classification summary 
 number of tensile 82 
 in use for the analysis 71 
 neglected (low tensile strength, no void) 11 
 tensile with void and high tensile strength (T=0) 25 
tensile not affected by void  7 
 tensile affected by the voids (T=1) 46 

 
 

The classification of the tensile strength result helped to construct a POD curve of tensile 

strength being affected by a wormhole or void as it increases in size. The same binary regression 

analysis based on the maximum-likelihood method was applied to the tensile binary result 

obtained. Figure 46 shows the probability of detection of low tensile strength due to wormhole 

size. As shown, a wormhole larger than 0.015 inches has 90% POD of causing low tensile 

strength. As discussed before, the presence of small voids is not always detrimental to tensile 

strength. It can also be seen in Figure 46 where in some cases voids up to 0.019 in. did not affect 

the tensile strength for certain tool and weld parameter combinations.  
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Figure 46.  Probability of low tensile strength vs. wormhole size 

4.6 Void Growth and Detection 

During the process of gathering the result of the NDE techniques and marking them 

directly on the plates, one particular case was noted. In this plate, the different applied techniques 

identified the initiation of defects at different locations from the end of the plate, reference 

Figure 47. In order to investigate the reason for these differences in detection, a series of thin 
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slice macro sections were prepared to evaluate the presence of voids in this region, reference 

Figure 48.   

 
 

Figure 47.  Plate CFSP08502-1 marked with variable inspection results 
 

 
 

Figure 48.  Section of the CFSP08502-1 plate with the locations of thin macro sections 

T3 
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With this destructive technique it was possible to observe how a void grows with the tool 

travel direction. The series of sections cuts shows the detection of the void can depend on 

inspection criteria, experience, technique, equipment resolution, internal standards, etc. 

Therefore, the differences in detection for each company for this particular plate can be 

understood by looking at the following diagram in Figure 49. This figure demonstrates how 

variable void size inspection criteria could result in varying void detection locations as a defect 

develops during welding (Note:  UPA is sensitive to grain flow and can provide a false positive). 

 
 

Figure 49.  Schematic of evolution of void growth with FSW tool travel distance from the end of 
the plate 

The actual evolution of the void is shown in Figure 50 - Figure 52. The first 8 thin macro 

sections did not show any void formation even at a magnification of 200X. This indicates that in 

this case, both C and D prematurely indicated the presence of a void. The actual presence of 

voids began in the ninth thin macro section and corresponds to the indication made by B.  For A, 

detection was not indicated until much later in macro section thirteen where a large cluster of 

voids was present.  
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Figure 50.  Initial void evolution 
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Figure 51.  Void growth 
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Figure 52.  Final void growth 
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5 CONCLUSION 
 

For this particular study, both non-destructive evaluation techniques applied on friction 

stir welding, ultrasonic phased array and X-ray, are effective for void detection in FSW. Both 

NDE techniques had basically the same probability of detection of voids with no significant 

difference between them; however, the scatter in the result may be larger than desirable. For 

instance, scatter was clearly visible when examining the result of the three X-ray analyses. 

The minimum void size detected with X-ray with a 90% POD by company A was 0.026 

in., but by company C it was 0.006 in. This represents a reduction of 77% in detectable void size. 

It is important to note, however, that each company participating in the round robin investigation 

followed their own standards for the inspections. The samples were presented to them in a blind 

test. Since this was not a competition between companies, this difference most likely represents 

simply a difference in inspection criteria or some small space for improvement in the application 

of the technique for FSW based on experience with FSW NDE. Based on these results, though, 

there is a need for a standard procedure for non-destructive evaluation of FSW and its particular 

type of flaws.  

The probability of detection of low tensile strength, on the other hand, shows the 

probability of getting a low tensile strength because of the presence of void with or without 

optimization of welding parameters. In this study, a void size of 0.015 in. had 90% POD 

resulting in a low tensile strength. In the X-ray analyses, the mean POD of voids was able to 

detect a void size of 0.012 in. with 90% POD. This shows that, in this study, a void that is 

capable of causing a reduction in strength can be detected with better than 90% POD. This was 

also true of the UPA analysis which was able to detect 0.010 in. void with 90% POD. 
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Consequently, for this application both X-ray and UPA analysis were shown to be effective NDE 

techniques for FSW. Nevertheless, there is a need for common FSW inspection criteria and 

evaluation methods, which could be provided through an industry specification. 

In addition to these current NDE techniques, this study also evaluated both algorithms of 

the FSWAT software, Neural Network - Discrete Fourier Transformation, and Phase Space 

approach developed at SDSMT by Boldsaikhan. The trained Neural Network classification 

shows a very promising result with a very high probability of detection of voids. Also, it is 

shown, within the results, that there is no significant difference between the current NDE 

techniques and the FSWAT software result.  However, a larger sample size could potentially 

reduce the scatter in the result.  

One of the benefits of the application of the FSWAT software could be the reduction of 

100% inspection of the welded pieces for quality control. Since the FSWAT software can be 

applied almost in real time along the weld, with a small computational delay, the first inspection 

could be of the feedback forces. Then, either of the well known NDE techniques used in this 

work could verify any suspicious areas indicated by the FSWAT software, in order to optimize 

the NDE detection rate for FSW. The viability of this approach is evidenced by the fact that the 

NN had a 90% POD for 0.006 in. voids and no missed voids larger than 0.010 in. Since these 

voids are smaller than the 90% probability of low tensile strength due to voids larger than 0.015 

in., there does exist the possibility that inspection requirements for X-ray or UPA could be 

dramatically reduced with the implementation of the FSWAT software. 

In contrast with the NN results, the stability number evaluation on the phase space 

approach gave a low rate of POD of voids. Each pin tool presented in this project has different 

features.  Some features are more aggressive than others, i.e. the TWI 5651 (cylindrical threaded 
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pin tool) compared to the Tri-flute ™ (scrolled shoulder with threaded pin and straight flats). It is 

expected that the feedback force signals may have different feature vectors varying from tool to 

tool. Therefore, the low detection rate of the stability number could simply be the result of an 

unadjusted threshold (α) since every tool may have a unique threshold.  
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6 FUTURE WORK 
 

In order to utilize the stability number in the phase space approach, the threshold value α 

needs to be carefully evaluated and adjusted for each tool. Currently, the variation of the stability 

number threshold per pin tool is under investigation. Each pin tool appears to have its own 

signature in the feedback signal. Pin tool signal characterization is another important field that 

will be investigated with the FSWAT software. With the pin tool signal characterization, tool 

feature and tool wear may also be possible to analyze.  

Finally, to make the software more robust it needs to be tested with different materials, 

different thicknesses, and also in different weld layouts. Lap weld configurations could be the 

next significant step to test the FSWAT software in the AJP lab as a continuation of the present 

work. 
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Olympus NDT Feseability Study Report 
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Cessna Aircraft UPA and X-ray report 
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Hawker Beechcraft X-ray Analysis Report 
 

work order list 11/21/2008
NDI analysis Hawkerbeechcraft Wes Timmerman Level 3

original work 
order

equivalent work 
order tool Defect #1 Defect #2

size length distance from weld start end size length distance from weld start end.
1 FSW07026_2 FSW08502_1 wiper .025" .65" 10.375" - 11.025"
2 FSW07026_2 FSW08502_33 wiper .025" 1.0" 10.0"-11.0"
3 FSW07026_2 FSW08502_34 wiper .025" .70" 10.25-10.95

    
4 FSW07026_7 FSW08502_2 wiper .035" 10.9" 0.8"-11.7"
5 FSW07026_7 FSW08502_6 wiper .035" 9.5" 1.5"-11.0"
6 FSW07026_7 FSW08502_7 wiper .035" 9.75" 1.15"-10.9"

    
7 FSW07026_14 FSW08502_3 wiper .030" 1.8" 10.5"-11.3"
8 FSW07026_14 FSW08502_8 wiper .035" 1.5" 9.5"-11.0"
9 FSW07026_14 FSW08502_9 wiper .015" 1.48" 9.5"-10.98" .025" .050" .75"

    
10 FSW07027_11 FSW08502_10 triflute .025" .050" .65"
11 FSW07027_11 FSW08502_11 triflute no defect detected
12 FSW07027_11 FSW08502_12 triflute .040" 6.75" 2.08"-6.83"

    
13 FSW07033_1 FSW08502_13 scroll no defect detected
14 FSW07033_1 FSW08502_14 scroll .025" .115" 8.5"  FMMD .040" dia 4.45"  FMMD

15 additional small FMMD .020" (same area) 1 additional area of fmmd .020" (same area)
15 FSW07033_1 FSW08502_15 scroll

    
16 FSW07033_3 FSW08502_26 scroll no defect detected
17 FSW07033_3 FSW08502_27 scroll no defect detected
18 FSW07033_3 FSW08502_28 scroll no defect detected

    
19 FSW07045_1 FSW08502_17 small wiper .23" 10.375" .90"-11.275"
20 FSW07045_1 FSW08502_18 small wiper .185" 9.875" 1.4"-11.275"
21 FSW07045_1 FSW08502_19 small wiper .220" 10.25" .90"-11.15"

    
22 FSW07037_1 FSW08502_20 twi 5651 .10" 10.80" .45"-11.25"
23 FSW07037_1 FSW08502_21 twi 5652 .210" 10.80" .45"-11.25"
24 FSW07037_1 FSW08502_22 twi 5653 .220" 10.75" .50"-11.25"

    
25 FSW07037_10 FSW08502_23 twi 5653 .015" 10.5 .85"-11.5"   intermittent
26 FSW07037_10 FSW08502_24 twi 5653 .015" 8.125" 3.0"-11.125" intermittent
27 FSW07037_10 FSW08502_25 twi 5653 .015" 7.5" 3.6"-11.15" .010" .5" 2.8"-2.3"

    
28 FSW07037_8 FSW08502_29 twi 5653 .030" 9.45" 1.0"-10.45"
29 FSW07037_8 FSW08502_30 twi 5653 .075" 10.375" .50"-10.875"
30 FSW07037_8 FSW08502_32 twi 5653 .125" 10.5" .60"-11.10"
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Spirit Aerosystems X-ray Analysis Report 
 

 
               Wichita, Ks 67278 
                           316-523-2401 
_____________________________________________________________________________________________________________________ 
 

   QUALITY ASSURANCE LABORATORY REPORT   

   X3790       Q78769 
          

 
 
Radiographic examination revealed the following anomalies:  

Notes: 
• All location measurements are taken from the start end of the part unless otherwise 

indicated. 
• Closely spaced = voids spaced closer than the smallest adjacent void 
• Aligned = four or more voids which can be connected by a straight line 
• Cluster of micro voids = cluster of voids which cannot be individually measured or 

identified but collectively creates a sponge or cloud like appearance. 

CFSP08502-1: Closely spaced aligned voids ≤.05” from 1” to 5.5” and from 9” to 33.375” 

CFSP08502-2: Closely spaced aligned voids ≤.075” from 1.25” to 11.375” 

CFSP08502-3: Closely spaced aligned voids ≤.075” from 9” to 11.375” 

CFSP08502-6: Closely spaced aligned voids ≤.060” from 1.125” to 11” 

CFSP08502-7: Closely spaced aligned voids ≤.060” from .875” to 11” 

CFSP08502-8: Closely spaced aligned voids ≤.05” from 9.5” to 11” 

CFSP08502-9: Closely spaced aligned voids ≤.05” from 9.25” to 11” 

CFSP08502-10: .035” x .02” more dense inclusion @ .375”; four more dense inclusions ≤.015” 
x .005 @ .5”; .065” x .025” void @ .625”; .015” x .005” more dense inclusions and .065” x 
.025” void @ .75”; .03” x .01” more dense inclusion @ 1.125” 

CFSP08502-11: Aligned voids ≤.03” from 2.625” to 8.75” 

CFSP08502-12: Closely spaced aligned voids ≤.06” from 2.125” to 9.25” 

CFSP08502-13: Cluster of transverse oriented voids ≤.1” from 1” to 1.625” 

Date: 12/23/2008 
Requested by: Mark Ofsthun 
Part Number: NIAR FSW Samples 
Material: .25” 2024-T2 
Sample Quantity: 30 
Spec. No. & Rev: MAA7-70084-1 
Information Requested: Radiographically inspect and report all internal discrepancies. 
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CFSP08502-14: .035” x .03” void @ 2.75”; seven more dense inclusions ≤.035” x .03” from 
4.375” to 4.625”; .015” x .005” more dense inclusion @ 5.25”; .02” x .005” more dense 
inclusion @ 5.75”; 30+ more dense inclusions ≤.11” x .03” clustered at 8.375” 

CFSP08502-15: .025” x .02” more dense inclusion @ 10.875” 

CFSP08502-17: Continuous band up to .225” in width of closely spaced voids from .875” to 
11.25”, some of which are open to the surface 

CFSP08502-18: Continuous band up to .225” in width of closely spaced voids from 1.375” to 
11.25”, some of which are open to the surface 

CFSP08502-19: Continuous band up to .25” in width of closely spaced voids from .5” to 
11.375”, some of which are open to the surface 

CFSP08502-20: Cluster of closely spaced voids, some of which are interconnected, beginning 
@ .5” continuing to 1.75” where the voids become a worm hole that continues to 11.25” 

CFSP08502-21: Cluster of closely spaced voids, some of which are interconnected, beginning 
@ .5” continuing to 2.25” where the voids become a worm hole that continues to 11.25” 

CFSP08502-22: Cluster of closely spaced voids, some of which are interconnected, beginning 
@ .5” continuing to 1.5” where the voids become a worm hole that continues to 11.25” 

CFSP08502-23: Cluster of closely spaced voids, some of which are interconnected, beginning 
@ .625” continuing to 1.5” where the voids become a worm hole that continues to 7”, 
begins again @ 7.5” to 8.375, then from 8.625” to 10.125” and from 10.375” to 11.5” 

CFSP08502-24: Cluster of voids ≤.075” from .375” to 1.5”; .02” wide worm hole from 2” to 
2.625” and from 2.875” to 6.375” and from 6.625” to 7.375” and from 7.875” to 11.25” 

CFSP08502-25: Cluster of voids ≤.125” from .375” to 1.1”; cluster of micro voids from .875” 
to 1.5”; worm hole from 1.25” to 1.625” and from 2.75” to 11.25” 

CFSP08502-26: No anomalies detected 

CFSP08502-27: No anomalies detected 

CFSP08502-28: No anomalies detected 

CFSP08502-29: Cluster of closely spaced voids ≤.10”, some of which are interconnected, 
beginning @ .5” continuing to 2.5” where the voids become a worm hole that continues to 
11”; numerous clusters of micro voids from 1.25” to 10.375” some of which are open to the 
surface 

CFSP08502-30: Cluster of closely spaced voids ≤.10”, some of which are interconnected, 
beginning @ .5” continuing to 2.75” where the voids become a worm hole that continues to 
11”; large clusters of micro voids from .75” to 10.25” some of which are open to the surface 

CFSP08502-32: Closely spaced aligned voids ≤.075”, some of which are interconnected, 
beginning at .5” continuing to 11”; clusters of micro voids from 1” to 3.25” 

CFSP08502-33: Closely spaced aligned voids ≤.05” from 9.875” to 11.125” 

CFSP08502-34: Closely spaced aligned voids ≤.05” from 10.375” to 11” 

 
 
Inspection perform by: James M. Winter Date: 12/23/2008 Stamp: Level III 
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Learjet-Bombardier-Short Brothers X-ray and Ultrasonic Phased Array Analyses Report 
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Neural Network Classification- FSWAT 
 

Just for the software: 1 is a good weld and 0 is a bad weld.  
 
Criterion:  
 

• Classified as 1 means it is a good weld when actually it is a 0, a bad weld. It is a void not 
detected. 

 
• 0 when it is 1, it is a good weld classified as bad. It is a false detection. 

 
Neural network information 
<learning rate> <momentum> 
0.25 0.25 
<number of epochs> 
500 
Training data classification 
<total samples> <correctly classified> <% of correctness> 
166 166 100% 
the average training error per sample is 4.7896e-005 
the average test error per sample is 0.0291887 
 
# misclassification: 171 - line No, 0.452481 - false class 
, actually 1 
# misclassification: 185 - line No, 0.00783703 - false class 
, actually 1 
# misclassification: 216 - line No, 0.9976 - false class 
, actually 0 
# misclassification: 219 - line No, 0.808082 - false class 
, actually 0 
# misclassification: 221 - line No, 0.104356 - false class 
, actually 1 
# misclassification: 230 - line No, 0.610587 - false class 
, actually 0 
 
Novel data classification 
<total samples> <correctly classified> <% of correctness> 
83 77 92.7711% 
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Spirit Aerosystems X-ray Analysis on Tensile Coupons Report 
 

QUALITY ASSURANCE LABORATORY REPORT X6350
Date: 10/17/2009 Q80613

Gil Sylva
FSW Tensile Samples

.25” Aluminum
Sample Quantity: 89

CFSP08502-1-T1 Tightly spaced voids ≤.075” diameter across entire width of sample
CFSP08502-1-T3 Tightly spaced voids ≤.025” diameter across entire width of sample
CFSP08502-2-T1  Tightly spaced voids ≤.025” diameter across entire width of sample
CFSP08502-2-T2 Continuously connected voids across entire width of sample
CFSP08502-3-T4 Tightly spaced voids ≤.025” diameter across entire width of sample
CFSP08502-6-T1 Tightly spaced voids ≤.015” diameter across entire width of sample
CFSP08502-6-T2 Tightly spaced voids ≤.075” diameter across entire width of sample
CFSP08502-7-T1 Tightly spaced voids ≤.025” diameter across entire width of sample
CFSP08502-7-T2 Tightly spaced voids ≤.050” diameter across entire width of sample
CFSP08502-8-T4 Tightly spaced voids ≤.050” diameter across entire width of sample
CFSP08502-12-T1 Nine (9) voids ≤.050” diameter equally spaced across entire width of sample
CFSP08502-12-T2 Eight (8) voids ≤.050” diameter equally spaced across entire width of sample
CFSP08502-17-T1 Clusters up to .110” wide of minute pores across entire width of sample
CFSP08502-17-T2 Clusters up to .130” wide of minute pores across entire width of sample
CFSP08502-17-T3 Clusters up to .150” wide of minute pores across entire width of sample
CFSP08502-18-T1 Clusters up to .080” wide of minute pores across entire width of sample
CFSP08502-18-T2 Clusters up to .175” wide of minute pores across entire width of sample
CFSP08502-19-T1 Clusters up to .140” wide of minute pores across entire width of sample
CFSP08502-19-T2 Clusters up to .175” wide of minute pores across entire width of sample
CFSP08502-19-T3 Clusters up to .050” wide of minute pores across entire width of sample
CFSP08502-19-T4 Clusters up to .110” wide of minute pores across entire width of sample
CFSP08502-19-T5 Clusters up to .200” wide of minute pores across entire width of sample
CFSP08502-20-T1  Approximately .030” wide worm hole across entire width of sample
CFSP08502-20-T2 Approximately .030” wide worm hole across entire width of sample
CFSP08502-20-T3 Approximately .040” wide worm hole across entire width of sample
CFSP08502-20-T4 Approximately .050” wide worm hole across entire width of sample
CFSP08502-21-T1 Approximately .040” wide worm hole across entire width of sample
CFSP08502-21-T2 Approximately .030” wide worm hole across entire width of sample
CFSP08502-22-T1 Approximately .035” wide worm hole across entire width of sample
CFSP08502-22-T2 Approximately .035” wide worm hole across entire width of sample
CFSP08502-22-T3 Approximately .045” wide worm hole across entire width of sample

MAA7-70084-1
Information Requested: Report all anomalies ≤.005” and mark samples

Requested by:
Part Number:
Material:

Spec. No. & Rev:
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CFSP08502-23-T1 Approximately .010” wide worm hole across entire width of sample
CFSP08502-23-T2 Approximately .015” wide worm hole across entire width of sample
CFSP08502-23-T3 Approximately .005” wide worm hole across entire width of sample
CFSP08502-24-T1 Approximately .005” wide worm hole across entire width of sample
CFSP08502-24-T2 Approximately .010” wide worm hole across entire width of sample
CFSP08502-24-T3 Approximately .010” wide worm hole across entire width of sample
CFSP08502-24-T4 Approximately .010” wide worm hole across entire width of sample
CFSP08502-25-T2 Approximately .010” wide worm hole across entire width of sample
CFSP08502-29-T1 Approximately .025” wide worm hole across entire width of sample
CFSP08502-29-T2 Approximately .025” wide worm hole across entire width of sample
CFSP08502-30-T1 Approximately .025” wide worm hole across entire width of sample
CFSP08502-30-T2 Approximately .025” wide worm hole across entire width of sample
CFSP08502-30-T3  Approximately .030” wide worm hole across entire width of sample

CFSP08502-32-T

CFSP08502-32-T Approximately .025” wide worm hole across entire width of sample

CFSP08502-32-T
Approximately twelve (12) voids ≤.025” diameter randomly dispersed across 
entire width of sample

Approximately fifteen (15) voids ≤.025” diameter randomly dispersed across 
entire width of sample
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Tensile Test Result 
 

Advanced Joining Lab x5205
upper shoulder pin Material 2024-T3
lower shoulder plate thickness 0.250 Parent UTS

Weld Number Tensile # RPM IPM
Forge 
Load 
(lbs)

Thickness 
(in) Width (in)  Tensile 

Load (Lbf)  UTS(Ksi) Avg UTS 
(ksi) St. Dev Joint 

Efficiency
Avg. Joint 
Efficiency

T1 0.25 0.4979 5503.945 44.217 64.08%
T2 0.25 0.4918 7696.428 62.598 90.72%
T3 0.25 0.5010 6180.476 49.345 71.51%
T1 0.25 0.4949 6389.298 51.641 74.84%
T2 0.25 0.4968 5534.187 44.559 64.58%
T1 0.25 0.5025 8182.183 65.132 94.39%
T2 0.25 0.5042 8032.340 63.723 92.35%
T3 0.25 0.5015 7944.344 63.364 91.83%
T4 0.25 0.5040 6364.819 50.514 73.21%
T1 0.25 0.4941 6967.511 56.478 81.85%
T2 0.25 0.4986 6266.529 50.273 72.86%
T1 0.25 0.499 6677.490 53.484 77.51%
T2 0.25 0.494 6044.895 48.917 70.89%
T1 0.25 0.5003 7865.494 62.886 91.14%
T2 0.25 0.4984 8980.626 64.993 94.19%
T3 0.25 0.5002 8107.380 64.833 93.96%
T4 0.25 0.4974 5771.168 46.411 67.26%
T1 0.25 0.5076 8226.602 64.827 93.95%
T2 0.25 0.5067 8194.201 64.687 93.75%
T3 0.25 0.5020 8120.180 64.702 93.77%
T4 0.25 0.5051 7446.244 58.968 85.46%
T1 0.25 0.4974 7250.703 58.309 84.51%
T2 0.25 0.4999 7126.874 58.026 84.10%
T3 0.25 0.4953 7487.455 60.468 87.63%
T1 0.25 0.5001 7122.475 56.968 82.56%
T2 0.25 0.5020 7217.650 57.511 83.35%
T3 0.25 0.4954 7550.374 60.964 88.35%
T1 0.25 0.4976 7507.084 60.346 87.46%
T2 0.25 0.4961 7537.807 60.776 88.08%
T3 0.25 0.4957 7576.369 61.137 88.60%
T1 0.25 0.4975 7019.307 56.436 81.79%
T2 0.25 0.5009 6870.380 54.864 79.51%
T3 0.25 0.4963 7146.448 57.598 83.48%
T1 0.25 0.4984 7113.981 57.049 82.68%
T2 0.25 0.4949 6746.200 54.526 79.02%
T1 0.25 0.4998 6803.537 54.450 78.91%
T2 0.25 0.4951 6178.101 49.914 72.34%
T1 0.25 0.5010 4887.446 39.021 56.55%
T2 0.25 0.5005 4826.391 38.572 55.90%
T3 0.25 0.4994 4635.809 37.131 53.81%
T1 0.25 0.4957 4972.519 40.125 58.15%
T2 0.25 0.4950 4621.099 37.342 54.12%
T1 0.25 0.4999 4449.641 35.654 51.67%
T2 0.25 0.4992 4980.023 39.880 57.80%
T3 0.25 0.4995 5449.027 43.662 63.28%
T4 0.25 0.4992 5006.096 40.113 58.13%
T5 0.25 0.4987 4735.104 37.979 55.04%
T1 0.25 0.4956 5745.089 46.369 67.20%
T2 0.25 0.4994 5744.230 46.009 66.68%
T3 0.25 0.4971 5464.711 43.973 63.73%
T4 0.25 0.5003 5439.930 43.493 63.03%
T1 0.25 0.4944 5510.451 44.475 64.46%
T2 0.25 0.4968 5633.136 45.355 65.73%
T1 0.25 0.4963 5558.678 44.801 64.93%
T2 0.25 0.5010 5709.950 45.588 66.07%
T3 0.25 0.4984 5731.804 46.001 66.67%

CFSP08502_10

CFSP08502_11

CFSP08502_12

CFSP08502_13

44.96400 16 8500

8500

55.79

65.16%

44.92 0.62 65.09%

1.44

1.34 85.41%

1.78 80.85%

0.40 88.05%

84.76%

81.59%

75.63%

55.42%

CFSP08502_15

CFSP08502_17

CFSP08502_18

CFSP08502_19

7500400 13

13

58.48

51.20

232

13

232 13

300

300 16

58.93

59.78 8.96

63.30 2.897000

7000 60.68 6.82

1.3756.30

7500

7500

7500

3.23

7000

CFSP08502_20

53.38

CFSP08502_07 7500

CFSP08502_14

400

232

CFSP08502_21

CFSP08502_22 400 16

400 16

13

16

13 60.75

7000

8500 45.46 0.61

300 16

232 7500

300 16

9.49 75.44%

48.10

52.05

5.01 69.71%

CFSP08502 

CFSP08502_02

8000

232 13 7500

CFSP08502_01 

CFSP08502_03

CFSP08502_06

87.95%

4.39 77.36%13

65.89%

2.17

74.20%

0.99

232

91.73%

86.64%

400 13 52.18 3.21

800

38.24

7500

4500800 20

20 56.14%1.97

800 20

CFSP08502_09

CFSP08502_08

2.96 57.18%4500 39.46

4500 38.73
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T1 0.25 0.4960 6623.036 53.411 77.41%
T2 0.25 0.6013 7145.803 57.018 82.63%
T3 0.25 0.4986 7036.536 56.450 81.81%
T1 0.25 0.4988 7138.549 57.246 82.97%
T2 0.25 0.4976 7049.009 57.002 82.61%
T3 0.25 0.4960 6847.951 55.225 80.04%
T4 0.25 0.5012 6952.043 55.483 80.41%
T1 0.25 0.5020 7406.539 59.016 85.53%
T2 0.25 0.5000 7015.996 56.128 81.34%
T1 0.25 0.5011 8233.416 65.723 95.25%
T2 0.25 0.4965 8155.436 65.703 95.22%
T3 0.25 0.4973 8171.772 65.729 95.26%
T1 0.25 0.4974 8229.081 65.190 94.48%
T2 0.25 0.4955 8228.077 66.422 96.26%
T1 0.25 0.4994 8113.941 64.989 94.19%
T2 0.25 0.5000 8136.072 65.088 94.33%
T3 0.25 0.4960 8070.373 65.830 95.41%
T1 0.25 0.5005 6489.308 51.862 75.16%
T2 0.25 0.4990 6421.663 51.476 74.60%
T1 0.25 0.1982 6360.185 51.065 74.01%
T2 0.25 0.4985 6430.163 51.596 74.78%
T3 0.25 0.5010 6678.014 53.317 77.27%
T1 0.25 0.4925 7116.365 57.798 83.77%
T2 0.25 0.4962 6660.830 53.695 77.82%
T3 0.25 0.4952 6886.147 55.623 80.61%
T1 0.25 0.5024 7930.459 63.749 92.39%
T2 0.25 0.4976 8168.804 65.038 94.26%
T3 0.25 0.4964 8154.365 65.708 95.23%
T4 0.25 0.4982 7881.278 63.507 92.04%
T1 0.25 0.4946 8149.162 65.852 95.44%
T2 0.25 0.4989 8070.744 64.708 93.78%
T3 0.25 0.4974 7994.152 64.287 93.17%
T4 0.25 0.4967 8005.833 64.472 93.44%

9500 57.57

55.63

2.04

9500 56.24

CFSP08502_25 325 11.5

CFSP08502_24 325 11.5 1.03 81.51%

1.94 80.62%9500CFSP08502_23 325 11.5

83.44%

CFSP08502_26 250 13 9000 65.72 0.01 95.24%

CFSP08502_27 250 13 9000 65.81 0.87 95.37%

CFSP08502_28 250 13 9000 65.30 0.46 94.64%

CFSP08502_29 400 16 10500 51.67 0.27 74.88%

CFSP08502_30 400 16 10500 51.99 1.18 75.35%

CFSP08502_32 400 16 10500 55.71 2.05

CFSP08502_33 300 16 8000 64.50 1.05

8000 64.83 0.70

80.73%

93.96%CFSP08502_34 300 16

93.48%

 


